MVE 290/030 PROOFS OF THE THEORY QUESTIONS

JULIE ROWLETT

ABSTRACT. This is completely optional, non-required, supplementary material. Caveat emptor
(although you are not buying anything because this document is free). These proofs and explanations
may be helpful for studying for the exam, which is the intention behind their creation. However, the
proofs of all theory items are also contained in the wonderful textbook by Folland. The statements
and proofs in Folland are perfectly acceptable on the exam. Moreover, if you are able to come up
with your own proof of any of these theory items, as long as it is correct and complete, that is
awesome and shall be happily accepted as well.
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1. HOw DO WE LEARN PROOFS?

In mathematical research, we have to come up with proofs of theorems which have never been
proven before! There is no handy “proofs compendium” like this one here. Moreover, many such
proofs end up being really, really, really long (like over 50 pages). So, how do we do it? We all start
out the same way: we begin by studying proofs written by other people.
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1.1. Step one: line-by-line. First, read the proof carefully, line-by-line. It is okay if you cannot
really see the whole proof in your head all at once. No worries! Just read line-by-line. If you can
understand each line and how it leads to the next line, that is totes adorbs! (= great) This is the
way you should begin studying the proofs.

1.2. Step two: red thread. Next step: learn the “red thread.” (Isn’t this like a Swedish saying?
Hope I am getting it right...) This is a sequence of key ideas in the proof. It is like street lamps
lighting a dark Swedish night in winter. They provide enough light to find your way in the dark. In
this document, I've tried to collect what seems to me to be enough lamps to guide your way through
the proof. This is called the “red thread,” and these points are listed after each complete proof. If
you come up with your own red thread which is different, in that it contains more or less points,
or different points altogether, that is fine! Good for you! The goal with the “red thread” is that
it is a smaller amount to memorize than the whole proof. So, you memorize the red thread, after
you have read through the proof many times line-by-line. You first need to read through the proof
line-by-line many times, so that you feel you understand it. Then, you memorize the red thread
(either my red thread or your own). Then you'll be ready for step three...

1.3. Step three: fill in the details. Once you have (1) studied the proof carefully line-by-line
and (2) memorized the red thread, you can proceed to the third (3) phase of proof-practice. Phase
three is: with your red thread steps as a guide, try to do the proof yourself! The idea is that you
fill in all the details in between the points on the red thread. Give yourself plenty of time, because
it is not easy. However, I promise that while not easy, it is SUPER rewarding. I mean, look at the
first proof below. It is a BEAST. (It’s like Marshawn Lynch!) Looks impossible to master, right?
That’s the beauty of it. If you follow this process, you can master it, and then that feeling of being
able to do the proof yourself is super awesome. (Unlike the end of the Superbowl in 2015).

2. POINTWISE CONVERGENCE OF FOURIER SERIES FOR CONTINUOUS, PIECEWISE C! FUNCTIONS
This is a big theorem. The statement we shall prove is the following

Theorem 2.1. Let f be a 27 periodic function. Assume that [ is piecewise continuous on R, and
that for every v € R, the left and right limits of both f and f' exist at x, and these are finite. Let

N
Sn(z) = Z e,
-N

where
1 [7 ,
Cn = — f(z)e " dx.
2 J_,

Then

Jm Sy(a) = 5 (fw )+ flzs)), VreR

Proof: The result should hold for each and every point x € R. So, first, we fix a point x € R.
Next, as usual, we should use the definitions, so we expand the series using its definition. So, we
write

N | qw
Sn() =5 [ flye mdye.
-N TJ—x
Now, let’s move that lonely e*® inside the integral so it can get close to its friend, e=™¥. Then,
Noqogym _
Sx(e) = o= [ s mrineay,
_N TSz
OBS! that f on the right is not involved with z, but in the theorem we are trying to prove, we want

to relate Sy (x) to f(z). How can we get an x inside the f7 Simple, we change the variable. Let
t=y—x. Then y =t + x. We have

Sw(r) =3 = / £t + )emtdt.
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Remember that very first fact we proved for periodic functions? It said that the integral of a periodic
function of period P from any point a to a + P is the same, no matter what a is. Here P = 27.
Hence

/ ft+z)e™dt = f(t+ x)e”™at.

—T—X —T

Thus N

™ 1 )
—int _ wnt
g f (t+x)e "™dt = - f(lH—ac)—Q7T _gNe dt.

This is how we get to the N th Dirichlet kernel. Let

1N
_ int
Dy(t) = 5- ) €™
—N
Proposition 2.2. The N** Dirichlet kernel satisﬁeS'
0
Dy (t / Dy (t (2.1)
—m
1 1— ¢t (2N +1)t e~ Nt _ Z(N—i-l)t
D (t TNt = . 2.2
() = o 1—ett 2m(1 — e) (22)

The proof of this proposition shall be given after continuing with the proof of pointwise conver-
gence of Fourier series. The reason for this is because you may use this proposition without proving
it! We have:

™

Sn(z)= [ f(t+z)Dy(t)dt.

We want to show that Sy (z) converges to the average of the right and left hand limits of f. In
other words, this is equivalent to showing that

Sn(@) — 5 () + F(a+)

The Sy has an integral, but the f(x4) don’t. They have got a convenient factor of one half, so we
use (2.3 to exploit this

lim
N—oo

=0.

0

SFe) = [ Dxdtfe), Sfes) = /OWDN@)dtf(m).

—T

Hence we are bound to prove that

0 s
lim |Sy(z) — DN(t)f(:U)dt—/ DN(t)f($+)dt‘ =
N—o0 T 0
Now, we use that
SN(iL') = f(t + .%')DN(t)dt.

Hence, we want to show that

™ 0 s

f(t+z)Dy(t)dt — Dy (t)f(z_)dt — / DN(t)f(as+)dt’ — 0, as N — o0.
—7 -7 0

It is quite natural to split things into two parts

Dx(@)(f(t+2) = fla-)at + | " DN()(f(t+2) — fls))de].

—T

Now, we know we’ve got to use the second expression for Dy (t), and here’s where it will come in
handy. Let’s insert it

0 o—iNt _ Gi(N+1)t ™ o—iNt _ i(N+1)t
/ﬂ_ 27‘1’(1 _ eit) (f(t + «73) - f(w_))dt —|-/0 271'(1 — eit) (f(t + a:) - f(x+))dt .
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Now, we know that if we take a function which is bounded, then its Fourier coefficients tend to
0, meaning ¢, — 0 as |n| — oo. We've got those e~V and !N+ which look a lot like part
of the definition of Fourier coefficient ¢,, for |n| large... However, we’'ve got this integrand defined
two different ways on either side of zero. So, let’s just make a try for something and define a new

function
g(t) = St +1x)_ei;f(x)7 for t <0,
g(t) = St +1x)_—€it]”(x+)’ for t > 0.

How to define this function at zero? Let’s look at the limit
o SO @) Hf )~ ) )

t—0_ 1 —eit t—0_ t(l — eit) —iei0

=if'(z_).

For the other side, a similar argument shows that

t£%1+ e +1$)__€i£f($) =if'(z4).

So, depending upon whether f’(z_) = f’(x4) or not, the function g will be continuous at 0, or
not. However, even if it’s not continuous, it is at least piecewise continuous, as well as piecewise
differentiable, just like the original function f is. To see this, we see that for all other points
t € [—m, x|, the denominator of g is non-zero, and the numerator has the same properties as f.
Therefore the above shows that ¢ is indeed quite a lovely function on [—m, 7w]. The most important
fact is that it is bounded on the closed interval [—7, 7], and hence its Fourier coefficients tend to
zero by Bessel’s inequality. This follows from the fact that any bounded function on a bounded
interval, like [—7, 7], is in L? on that interval, i.e. in L?([—, 7).
Hence, we are looking at
1 4 - 1 /™ _.
i o [ ot o [ N @] = i fevt) - e-xato)l
N—o0

N—oo | 27 2T

—Tr —Tr

where above, ¢y (g) is the N** Fourier coefficient of g,
1 (" 4
= t)e Niqt
en(9) = 5 /_ﬂg( Je ,

and similarly, c_ny_1(g) is the —N — 1% Fourier coefficient of g,
L™ ien—1t
_N— = — t)dt.
covaale) = 5= [N g
By Bessel’s inequality,
en(g) > 0as N - o0, andc_ny_1(g9) = 0as N — oc.
Hence

lim
N—o0

L[ —iNt L T
— t)e Ntqp — — i Yg(t)dt| = =0.
5 | _atoe 5| e o(t)dt| = 0-+0] =0
Proof of the facts about the Dirichlet kernel: Recall that

neN = ™ 4 e ™ = 2cos(nt),n > 0.

Hence, we can pair up all the terms +1, +2, etc, and write

A
Dy(t) = o + Z - cos(nt).
n=1

Integrating, we obtain
s 1 s

N

1 vy
Dy(t)dt = — dt —E t)dt.
~N(t) —l—ﬁnl/ﬂcos(n)

- 2 J_,
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The integrals of the cosines all vanish, so we obtain that
™
Dy (t)dt =1.
—T
Moreover, since cosines are all even functions, as is a constant, Dy () is an even function, hence

0 T
D (#)dt = % _ /O D (t)dt. (2.3)

—Tr

The second observation is that Dy (t) looks almost like a geometric series, the problem is that it

goes from minus exponents to positive ones. We can fix that right up by factoring out the largest
negative exponent, so

L
DN<t> _ ge—th Zemt_
n=0

We know how to sum a partial geometric series, don’t we? This gives

Dy(t) = ie—iNt 1- ei(QJYJrl)t _ e Nt _ ei(JYJrl)t
2 1 — et 27r(1_€zt)

2.1. The red thread.

(1) Fix the point z € R.
(2) Write down the definition of

N
1 " —in inT
Sn(e) =35 | f)emdyer.
_N -

(3) Make a substitution in the integral defining the Fourier coefficients: let ¢t = y — . Then
y=1t+ x. We have

N _
1 — —int
Sn(x) = Z Py /_ﬂ_xf(t + z)e " dt.
-N
(4) Use the periodicity to move the integral:
mT—X . vy )
/ flt+a)e"dt = f(t+x)e”™dt.

—TnT—X —T

Thus
Y 1 i —int
-N -m

5) Define the N** Dirichlet kernel:
(
1 2N

(6) Remember (or if you forgot, show) two things about the Dirichlet kernel:
0

D ()t = % _ /Oﬂ D (t)dt

—T

and i(2N+1)t iNt _ i(N+1)t
1 a1l — et et — ¢t
Dn(t) = —e M = :
() o 1— et 27(1 — e)
(7) Write
Sn(z) = [ f{t+z)Dy(t)dt,

—Tr

so the goal is to prove:

im_|Sv(e) = 5 (7o) + F2.)| =0,

N—oo
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(8) Use the integration fact about the Dirichlet kernel to re-write:

1

0 T
3/ = [ Dyats), Gra) =5 = /0 Dy (t)dtf(z).

(9) Show that it now suffices to estimate:

0 T
' Dy (Ot +2) — et + [ Dxl)(7(e+a) - f(x+))dt' S0

—m
as N — oo.
(10) Use the second expression for the N** Dirichlet kernel. Based on this, define a new function

ft+x) = flz)

g(t) = 1ot , fort <0,
t —
g(t) = 1 +1ac)_ eitf(xJF), for t > 0.

(11) Show that g is piecewise continuous and piecewise differentiable. Show that g is bounded.

(12) Show that one is in fact estimating cy(g), the N*" Fourier coefficient of g minus c¢_x_1(g),
the —NN — 1 Fourier coeflicient of g.

(13) Use Bessel’s inequality to prove that these coefficients both tend to zero as N — oc.

3. THE FOURIER COEFFICIENTS OF A FUNCTION AND ITS DERIVATIVE

The nickname for this theory item is do NOT differentiate the series termwise!!! Sure, there is
a result in the text later on which says that a function satisfying these hypotheses has a Fourier
series which converges absolutely and uniformly, but do you know how to prove that? You use this
result. Hence, if you try to use that result to prove this one, you’ve just run around in a circle and
proven nothing. If you wanted to go down that road - correctly - using termwise differentiation of
the Fourier series of f, you’d need to prove the absolute, uniform convergence by some independent
means. I do not recommend this. This looks hard. As you will see, the proof below is pleasantly
elementary. So, why make things hard and complicated?

Theorem 3.1. This time in Swedish for fun! Lat f vara en 2m-periodisk funktion med f € C*(R).
Sedan Fourierkoefficienterna ¢, av f och Fourierkoefficienterna ¢, av f uppfyller

/ .
c, = 1NCp.

Proof: We use the definition of the fourier coefficient of f’,
1 (7 ~
c = Py /7r f(z)e ™ dz.

Now we integrate by parts:

— 5 (e, -

The first term vanishes because by periodicity

J(=m) = f(m), €T = e

So, we end up with the second term only which is

;n/ f(z)e " dx = inc,.
m T

™

f(:z)(—in)e_m‘”dx> .

—Tr

3.1. Red thread.

(1) Use the definition of the Fourier coefficient of f/, ¢/,. Write it down.

(2) Integrate by parts: move the derivative from f’ to the e=™*,

(3) Use the fact that f, f’, and €™ are 27 periodic to kill off the boundary terms. The result
should be ¢, = inc,,.
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4. THE 3 EQUIVALENT CONDITIONS TO BE AN ONB IN A HILBERT SPACE

This seems to be a fun one for some reason. It is rather nicely straightforward. Perhaps what
makes it so nice is the pleasant setting of a Hilbert space, or translated directly from German, a
Hilbert room. Hilbert rooms are cozy.

Theorem 4.1. Ldt {¢n nen vara ortonormala i ett Hilbert-rum, H. Féljande tre dr ekvivalenta:
(1) feHoch(f,¢p)=0VneN = f=0.

(2) feH = [=) ([ én)on

neN

B) LIP =D 1 on)l?
neN
Proof. We shall proceed in order prove (1) = (2), then (2) = (3), and finally (3) = (1).
Stay calm and carry on.
First we assume statement (1) holds, and then we shall show that (2) must hold as well. Bessel’s
Inequality Theorem says that

9= (f én)tn € H.

neN
So, we would like to prove that in fact ¢ = f, somehow using the fact that statement (1) holds true.
Idea: let’s try to show that f — ¢ = 0. This will imply that f = g. To use (1) we should compute
then

<f -9, d)n>
Let’s do this.

<f -9, ¢n> = <f7 ¢n> - <ga¢n>'

We insert the definition of g as the series,
(9, 6n) = (O _{fs bm)bm: n) = > _{fs bm)(Gm, ) = (£, bn)-
m2>1 m>1

Above, we have used in the second equality the linearity of the inner product and the continuity
of the inner product. In the third equality, we have used that (¢,,, d,) is 0 if m # n, and is 1 if
m = n. Hence, only the term with m = n survives in the sum. Thus,

<f*g’¢n> = <fa¢n> - <ga¢n> = <fa¢n> - <f’¢n> =0, VneN
By (1), this shows that f —g=0 = f=g.
Next, we shall assume that (2) holds, and we shall use this to demonstrate (3). By (2),
[= an¢na ]En = <f7¢n>
neN
To obtain (3), we can simply apply our infinite dimensional Pythagorean theorem, which says that
AN =D 1 Fadall® = D 1 falPllnll> = D 1 Ful.
neN neN neN

Finally, we assume (3) holds and use it to show that (1) must also hold. This is pleasantly
straightforward. We assume that for some f in our Hilbert space, (f, ¢,) = 0 for all n. Using (3),

we compute
AP =D (o) =D 0=0.

neN neN
The only element in a Hilbert space with norm equal to zero is the 0 element. Thus f = 0. O
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4.1. Red thread.

(1) Assume that (1) is true and use it to prove (2). To do this, use Bessel’s Inequality Theorem
to say that

9= (f,¢n)pn € H.

n>1
(2) Next, compute
(g — f,on), and show it is zero for all n.

(3) Assume now that (2) is true and use it to prove (3). To do this, use the infinite dimensional
Pythagorean theorem and the fact that {¢,} are orthonormal.
(4) Assume now that (3) is true and use it to prove (1).

5. THE BEST APPROXIMATION THEOREM
This is another fun and cozy Hilbert room theory item.

Theorem 5.1. Lat {¢y, }nen vara en ortonormal méangd i ett Hilbert-rum, H. Om f € H,

Hf - Z<f7 ¢n>¢n|| < Hf - ch¢n||a V{Cn}neN € €27

neN neN
och = giller <= ¢, = (f, ¢n) gdller Vn € N.

Proof. We make a few definitions: let

9= fabn, o= (f n),

® = Z Cn¢n-
Then we compute

f=llP=f—g+a—ellP=IIf—gll> +lg — ¢l +2R(f — 9.9 — ¢).
I claim that

and

(f=9,9-¥)=0.
Just write it out (stay calm and carry on):

(f,9) = {f,0) —(9,9) + (g, %)

= Z fn<f7 ¢n> - Z@(ﬁ ¢n> - Z fn<¢n> Z fm¢m> + Z fn<¢n7 Z Cm¢m>
= Z ‘fn’Q - Zafn - Z ‘fn’2 + an@ =0,
where above we have used the fact that ¢, are an orthonormal set. Then, we have
1f = ell? = [1f = gll> +1lg = ¢l > lIf = glP?,
with equality iff
lg — ¢l = 0.
Let us now write out what this norm is, using the definitions of g and ¢. By their definitions,
g—p= Z(fn — Cn)fn-
By the Pythagorean theorem, due to the fact that the ¢, are an orthonormal set, and hence
multiplying them by the scalars, f,, — ¢, they remain orthogonal, we have

— 2
lg—@ll> =D |fo—cn

This is a sum of non-negative terms. Hence, the sum is only zero if all of the terms in the sum are
zero. The terms in the sum are all zero iff

fn_cn

=0Vn < cn:ﬁVnEN.
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5.1. Red thread.
(1) Define

g = Zﬁ‘bm }Z: (fa¢n>7

¥ = Z Cn®n.-
(2) A clever trick:

f=ollP=f—g+a—ell>=Ilf—gll> +lg — ¢l +2R(f — 9.9 — ¢).
(3) Prove that

and

(f—9.9—¢)=0.
To do this, just pop in the definitions of g and ¢ and use the properties about scalar products
(which you MUST MEMORIZE!).
(4) After this calculation we get

I =ellP=Ilf —g+g—¢l> =If =gl +lg = &ll*> > |If - glI%,
with equality if and only if
lg — ll* = 0.
(5) Use the Pythagorean Theorem to conclude that
llg—¢|’=0 <= fo=c, VneN.
6. CUTE PROPERTIES OF SLPs

This is a rather nice, follow-your-nose, theory problem. Of course, the really amazing and magical
part of this theorem is the third statement, which is one of the gems of functional analysis. We
shall not include that third statement here, however, because its proof is beyond the scope of this
humble course.

Theorem 6.1 (Cute facts about SLPs). Let f and g be eigenfunctions for a regular SLP in an
interval [a, b] with weight function w(x) > 0. Let X be the eigenvalue for f and p the eigenvalue for
g. Then:

(1) X € R and p € R;
(2) If X # p, then:

b _
[ @@tz <o

Proof: By definition we have Lf + Awf = 0. Moreover, L is self-adjoint, so we have
(Lf, f) = (f, Lf).

By being an eigenfunction,
Lf =-\wf.
So combining these facts:
(Lf, [y = (= wf, f) = =Mwf, f)
= (f,Lf) = (f, - wf) = =Xf,wf).

<wff>—/b (2) f( dfv—/\f )
(f,wf) = /f d:v—/\f )

Since w > 0 and f is an eigenfunction,

b
/ | f(2)]*w(z)dz > 0.

Since w is real valued,
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So, the equation

b b
Nwt.f) = =7 [ I @) Pu@ds = X0 = - [ 5@ u()ds
implies B
A=A
For the second part, we use basically the same argument based on self-adjointness:
(Lf,g) = {f Lg)-

By assumption

b
(Lf,g)=-MNuwf,g) = —)\/ w(zx) f(x)g(x)dx.
Similarly,

b
(. Lg) = (f, —pawg) = —(f,wg) = —plf, wg) = —p / f(@)g(@)w(z)dz,

since 1 € R and w(z) is real. So we have

b 7 b 7
[ w@ @i = [ @)
a a
If the integral is non-zero, then it forces A = p which is false. Thus the integral must be zero.

6.1. Red thread.
(1) Use the fact that L is self-adjoint so
(LI )= L)

(2) Use the fact that Lf = —Awf and the properties of scalar products (which you have mem-
orized!!!) in the above equality to change the left and right sides to:

Remember that w is real valued so it can be on either side of the scalar product and it does

the same thing
(3) Recognize (since you have so thoroughly memorized the properties of scalar products!!!)

owh) = [ 15 Puae > 0
since eigenfunctions cannot be the Zezo function and w > 0. Consequently
“A=-) &= A=) &= MeR.
(4) For the next part, similar idea. Assume A\ # u. By self-adjointness
(Lf,9) = ([, Lg)-
(5) By definition of f and g
(Lf,9) = (=Mwf,g) = =Mwf,g)

= ([, Lg) = (f, —pwg) = —[i(f,wg).
(6) Since A # p this necessitates
<f7 g>w =0.
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7. THE BIG BAD CONVOLUTION APPROXIMATION THEOREM

This theory item is Theorem 7.3, regarding approximation of a function by convoluting it with
a so-called “approximate identity.” This theorem and its proof are both rather long. The proof
relies very heavily on knowing the definition of limits and how to work with those definitions, so
if you're not comfortable limits, it is strongly advised to brush up on them. Remember, you are
always welcome to ask for help and/or explanations!

Theorem 7.1. Let g € L'(R). Define
0 (%)
o= [ gz 5= [ gyn
0

—00
Assume that f is piecewise continuous on R and its left and right sided limits exist for all points of
R. Assume that either [ is bounded on R or that g vanishes outside of a bounded interval. Let, for

e>0,
L)

€

Then
lim f*ge(z) =af(z+)+ Bf(z—) VxreR.

e—0t

Proof: First, since this should hold for all z € R, let us fix the point . Then we keep in mind
that f(z+) and f(z—) are just numbers, namely the right and left sided limits of f at the point x.
We would like to show that

lim / Fl@ — 9)ge(y)dy = af(z+) + Bf (x—)
R

e—0

which is equivalent to showing that

ti [ f@ =~ y)gc(w)dy — af(e+) = 5 (e=) =0

e—0 R
We now insert the definitions of « and 3, so we want to show that

0 00
tim [ fe =iy [ gy = [~ fa-)atuay =0
We can prove this if we show that
0 0
ti [ o= oy~ [ Ha+lgl)dy =0

and also

lim /O - p)gely)dy — /O " Ham)g(y)dy = 0.

e—0
In the textbook, Folland proves that the second of these holds. So, for the sake of diversity, we
prove that the first of these holds. The argument is the same for both, so proving one of them is
sufficient.
Hence, we would like to show that by choosing e sufficiently small, we can make

/_ £(@ - 4)gely)dy — / Fla+)g(y)dy

as small as we like. We would really like to smash the two integrals together. To achieve this, let
z=ey,s0y = z/e, and dz/e = dy. The limits of integration don’t change, so

[ swis= [ 0= [ aia

0 0
/ fa+)g(y)dy = / F(a)ge () dy.

By this calculation,
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(Above the integration variable was called z, but what’s in a name? The name of the integration
variable doesn’t matter!). Note that f(z+) is a constant, so it’s just sitting there doing nothing.
Hence, we have computed that

0

0
/ (f(x = y)ge(y) — f(z+)g(y)) dy = / 9e(y) (f(x —y) — f(z+)) dy.

—0o0 —0o0

Remember that y < 0 where we are integrating Therefore, x — y > z. By definition
Jim f(z—y) = flet) = lm f(z—y) = flz+) =0
By definition of limit there exists yo < 0 such that for all y € (yo,0)
|f(x —y) — f(z+)| is as small as we would like it to be.
Consequently, we can estimate

0 0
/ <f<x—y>—f<x+>>ge<y>dy\< / @ — 1) — Fat)llge(w)ldy

Yo 0

0
< (as small as we like) [ |ge(y)|dy < (as small as we like) / lge(v)|dy
Yo R

= (as small as we like)/ 19(y)|dy = (as small as we like!)||g]| 1 (r)-
R

Since g is in L*(R) its L' norm is finite. Thus, we can make

0
/ (Fx—y) — F(e+))ge(v)dy

Yo
To complete the proof, need to estimate the other part of the integral, from —oo to g, that is

[ =9 - sy

—00

< (as small as we like).

Here we need to consider the two possible cases given in the statement of the theorem separately.
First, let us assume that f is bounded, which means that there exists M > 0 such that |f(x)| < M
holds for all z € R. Hence

[flz—y) = flat) < [f(z—y)| + [f(z+)] < 2M.
So, we have the estimate

\/_y;(f () ~ fl@+))ge(y)dy

We shall do a substitution now, letting z = y/e. Then, as we have computed before,

[ o= | " gl

—00 —0o0

</ Y i —y) — fa)llgey)ldy < 2M / " lgew)dy.

—00

Here the limits of integration do change, because g is neither zero nor infinity. If we let € get very
small, then yp/e — —oco. We know that

| ls@dz <.

—00
So, the “ends” of the integral (the so-called “tails”) out near infinity must be small (similar to when
a series converges, because integrals are like the continuous version of series). This means that we
can choose € small and thereby make

yo/€
/ lg(2)|dz as small as we like.

—00

Therefore, we can estimate

/yo (flxr—vy)— f(m+))g€(y)dy' < (2M)(as small as we like) = still very small.

—00

Hence, we can make this part as small as we like. This completes the proof in this case!
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Finally, we consider the other case in the theorem, which is that g vanishes outside a bounded
interval. By assumption, there exists some R > 0 such that

g(x) = 0¥z € R with |z| > R.

Hence, we may choose € small to guarantee that

Yo Yo
—<—-R = =.
. < €< R
Then, we compute as before using the substitution z = y/e,
Yo Yo/€
[ 15 =w - fanlawlay = [ 1# - ex) = atlgl)ldz =0

because ¢g(z) = 0Vz € (—o0,y0/€). So, the proof is done in this case as well!

Q

7.1. Red thread. This theorem and the first theorem (pointwise convergence of Fourier series) are
by far the most challenging. Don’t let that discourage you!

(1) Fix the point z.

(2) Show that it is enough to prove that

0 0
limy / F(& - 4)gely)dy — / f(aH)g(y)dy =0

e—0

and also
o0 o0
i [~ £~ gy~ [ Fa-)gly)y =0,
e—0 0 0
The argument is same for both, so choose one. I choose the first one.
(3) Do a substitution in the second integral, setting z = ey, so y = z/¢, and dz/e = dy. This

shows that:
0 0
/ (& — 9)ge(y) — Fla+)g(y)) dy = / 0e(y) (F(x —y) — f(at)) dy.

(4) Now, to estimate

0
/ ge(w) (F(z — ) — f(z+)) dy,

—00
split the integral into the part out near —oo, ffgo added to the part close to zero fy[z).

(5) Estimate the integral close to zero first so that you can figure out what yo needs to be. To
do this, use the fact that the integral is over negative values of y, so z — y > x, together
with the definition of f(x+) as the right-hand-limit. In this way make |f(x —y) — f(z+)|
super small by choosing yg < 0 small. Then you can pull out a factor of “super small” and

estimate
0 0

(super small) [ |ge(y)|dy < (super small) / l9¢(y)|dy < (super small)||g||z1.
Yo -
This is fine because the L' norm of g is finite.
(6) Next estimate

/ " ) (Flz—y) — fle ) dy.

—0o0
In case f is bounded, note that |f(z —y) — f(z+)| < 2(the number that bounds f). So you
pull this out. Change variables to make the integral go from —oo to —d/e. Use the fact that
the tail of a convergent integral can be made small to make this small.
(7) In case g vanishes outside a compact set, choose € small so that g = 0 on the set (—oo, yo/€).
Then the integrand is zero over here, hence sufficiently small.
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8. THE FOURIER INVERSION FORMULA

This theory item is really a julklapp. All one must know is the Fourier inversion formula.

Theorem 8.1 (FIT). Assume that f € L*(R). Define the Fourier transform to be:

- / Fly)e™"ody.
R
Then as an equality in L*(R) we have

fa) = 5= [ Feay

8.1. Red thread. Just memorize the statement! Simple as that!

9. PLANCHAREL’S THEOREM
This one is also on the light side.
Theorem 9.1. Assume f € L?>(R) and g € L*(R). With the Fourier transform defined by

f(g) :/Remgf(x)dx

then we have

(F.0) = [ F(©a@)de = 2n(f.g) = 2m / f(2)g(@)dz
and . .

/mm%mwwz%wwz%/wm%u
R R

Proof: There is one idea which is key here, and that is to start on the right side. Why? Because
it is easier, at least it is easier for me. When I try starting on the left side, it gets very messy very
quickly. So, better not to do that.

Start with the right side and use the FIT on f, to write

21 (f, 9) —27r// e (€) dgda:—// e f(€)g(x)deda.

Move the complex conjugate to engulf the e®

//f g(x)e~"Eded.

Swap the order of integration and integrate x first:

//f o0 e dud = /f 5(E)de = (f,9).

Setting f = g immediately also gives

27If1* = 11 /11%.
@

9.1. Red thread.

(1) Start on the RIGHT SIDE! Note that if this item appears on an exam, it is going to always
be written as above. So, I'm not gonna swap the left and right sides ever because I don’t
think that is a nice thing to do.

(2) Use the FIT to write

1) = 5= [ e fa)da,
s
Stick this integral expression.
(3) Use the magic of complex conjugation to show that

[ sty = 5@
R
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(4) Substitute this inside the right side again.
(5) Finally, for the statement relating ||f||? and ||f]|?, just set f = g.

10. THE SAMPLING THEOREM
Theorem 10.1. Let f € L2(R). Assume that there is L > 0 so that f(€) =0 V€ € R with |€] > L,
then: in i)
nm\ sin(nt —
n=>1(F) =
=3 (7

nm —tL
nez

Proof. This theorem is all about the interaction between Fourier series and Fourier coefficients and
how to work with both simultaneously. Since the Fourier transform f has compact support (meaning

that it vanishes outside of a closed, bounded interval), the following equality holds as elements of
L2([_L7 L])7

[e%e) L

. . 1 . .

f($) — chemﬂx/L, Cp = 5L efznﬂa:/Lf(x)dx.
o —L

We use the Fourier inversion theorem (FIT) to write
1= o [ i = & [ ey
=— e x)dr = — e x)dz.
2T R 2 L

On the right side we have used the fact that f is supported in the interval [— L, L], thus the integrand
is zero outside of this interval, so we can throw that part of the integral away.
We next substitute the Fourier expansion of f into this integral,

LY i inma/l
ft) = / e cne M .
o L

Let us take a closer look at the coefficients
1 [t —inmax/L 1 i (— P 27 —nm
- T dr — — ix(—nm/L) dr = 2= ]
=55 ) ¢ fla)de = 5+ e fle)de = o0 f{ ——
In the second equality we have used the fact that f () = 0 for |x| > L, so by including that part
we don’t change the integral. In the third equality we have used the FIT!!! So, we now substitute
this into our formula above for

1 L ixt — T —nw inmx/L
f(t)—%/Le ;Lf<L)e dx

This is approaching the form we wish to have in the theorem, but the argument of the function f
has a pesky negative sign. That can be remedied by switching the order of summation, which does

not change the sum, so
f(t) 1 /L ixt = f (nﬂ-> fimrx/Ld
= — e g — e x.
2L J_;, —~ L

We may also interchange the summation with the integra

o0 L
s =5 2t () [ e,

We then compute
L(it—inm /L) e—L(it—inr/L) 2%

L
z(it—inm /L) _ € _ = ‘ in(Lt —
/_L ¢ S ey T Ty 5 il oy 2 el G

INone of this makes sense pointwise; we are working over L2. The key property which allows interchange of limits,
integrals, sums, derivatives, etc is absolute convergence. This is the case here because elements of L? have S |fI? < c0.
That is precisely the type of absolute convergence required.
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Substituting,

Lt —nm

f(t) = if (n%r) sin(Lt—mr).

10.1. Red thread.
(1) Expand f(z) in a Fourier series on the interval [—L, L]

. > . 1 L .
f ) = Cneznﬂ'ac/L, Cr = €_Zn7m/Lf(IE dz.
©=3 =/ )

(2) Use the FIT to write

f(t) ! /Remtf(m)dx 1 ’ et f(z)da.

:% _271' L

(3) Substitute the Fourier expansion of f into this integral,

1 L = .
f(t) — g /_L ezth.ocnemﬂx/de'

(4) Compute the Fourier coefficients

1 [E o . 1 ; 4 27 —nT
- —inmx/L _ = ix(—nm/L) _ 2t
Cn =57 _Le f(z)dx 5T Re f(z)dzx 2Lf<L )
(5) Substitute back into f(¢),
1 L ixt T —nmw inmx/L
f(t)—%/Le _Zc;oLf( 7 )e dr.
(6) Swap the sum and the integral
1 — nmw L p
- i z(it—inm /L)
1) 2L§f(L)/Le dr.
(7) Compute:
L o L(it—inm /L) —L(it—inm/L) %
cc(zt—zmr/L)d _ e _ € _ ¢ in(Lt —
/_L c S oy 5 iy ) M ey Sl S

(8) Substitute back inside.
11. THE GENERATING FUNCTION FOR THE BESSEL FUNCTIONS
This is a lovely, follow your nose and use the definitions type of proof.
Theorem 11.1. For all x and for all z # 0, the Bessel functions, J, satisfy

Z In(x)2" = e3(=3),

n=—oo

Proof. We begin by writing out the familiar Taylor series expansion for the exponential functions

ea:z/Z _ Z

J20

()’
4!

I

and
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These converge beautifully, absolutely and uniformly for z in compact subsets of C\ {0}. So, since
we presume that z # 0, we can multiply these series and fool around with them to try to make the
Bessel functions pop out... Thus, we write

tk Ik

zz\J -z k T
"2/ =y ( 2') > (213) =D (-1 <§> W (1L.1)

|
> ks T k20

Here is where the one and only clever idea enters into this proof, but it’s rather straightforward
to come up with it. We would like a sum with n = —oo to co. So we look around into the above
expression on the right, hunting for something which ranges from —oo to co. The only part which
does this is j — k, because each of j and k range over 0 to co. Thus, we keep k as it is, and we let
n =j—k. Then j+k = n+ 2k, and j = n + k. However, now, we have j! = (n + k)!, but this
is problematic if n + k < 0. There were no negative factorials in our original expression! So, to
remedy this, we use the equivalent definition via the Gamma function,

jl=T(G+1), kK =Tk+1).
Moreover, we observe that in (11.1]), j! and k! are for j and k& non-negative. We also observe that
1
— =0, meZ, m<O0.
I'(m)
Hence, we can write

n

—2/(22 n+2k
e%%/20—1/(22) _ Z Z ( ) (n+zk+1)k;!'

n=—00 k=0

This is because for all the terms with n + & + 1 < 0, which would correspond to (n + k)! with

n—+k < 0, those terms ought not to be there, but indeed, the m causes those terms to vanish!

Now, by definition,

9] 1)k( )n+2k
= W+ a T

— ET(k+n+1)
Hence, we have indeed see that

exz/QGf:r/(Zz): Z Jn(m)z"

n=—oo

11.1. Red thread.
(1) Write out the Taylor series expansion for the exponential functions:
xz)j

emz/2 — Z (7

4!

)

and

(2) Multiply these together:

zz)J —z\k itk ik
ezz/Qef:Jc/(Zz) _ Z ( 2') Z (2;') — Z (_1)k (g) j'k' '

4! !
Jj=0 k>0 J,k>0

(3) We need a sum over Z but we just have two sums over j,k > 0. To get this, define the
variable
n=j—k.
Write everything in terms of n and k, which gives

n

/(22 n+2k
e%%/20—1/(22) _ Z Z ( ) (n+2;<:+1)k;!'

n=—00 k=0
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(4) OBS! For the I' function part, recall that k! = T'(k + 1 and
1

L(m)

So the terms looking like (n + k 4 1)! with n + k 4+ 1 > 0 which are not in the original sum

are then all zero, so we have not introduced any problems.
(5) Recall the definition of

=0 VO>meZ.

_1)k: (%)nJer:

oo
(
J, = B T
n(®) g KT (k+n+1)
Pop it into the series to complete the proof!

12. ORTHOGONALITY OF THE HERMITE POLYNOMIALS
This is a fun application of integration by parts many times.

Theorem 12.1. The Hermite polynomials {Hy}2, are orthogonal on R with respect to the weight
function w(z) = e*". Recall here that
d"” 2
Hy(z) = (=)™~ e
(o) = (-1t e,
and so the statement is that

/ Hn(;v)Hm(a:)e_Izd:L‘ =0, n#*m.
R

Proof. We are showing that the weighted inner product of H,, and H,, vanishes if n # m. Hence,
we may assume without loss of generality that n > m. Due to the fact that H, begin with n = 0,
this means that we must have m > 0 and n > m so n > 1. Next, we insert the definition of H,, into
the inner product, so we look at

/]R (—1)"e” <$new2> Hp(2)e ™ do = /R (—1)™ <CZ;MQ) H,,(z)dz

= (—1)’1/}R (Z;Le—ﬁ) H(z)dz.

Let us do integration by parts one time, since we know that n > 1. Then, we have

(—1)”/R (j;e—“) Hp(z)dz = (—1)" <;lee—f2> Hy(z)

a1 2
—1"+1/ ) H} (x)dx.
st [ (e Huoda

o0

T=—00

The first, second, and higher order derivatives of e~ are all of the form
dn 712 712
Tt = pn(x)e ™,

where p,(x) is a polynomial. This follows from the chain rule. If you really want to, you can prove
this by induction, but you do not need to do that on the exam. For the sake of completeness,
however, I'll just go ahead and prove it. For the base case, n = 0, we haven’t taken any derivatives,

s0 po(z) = 1, the constant polynomial of order 0. For the first derivative, (e7%") = —2ze™ ", so
p1(x) = —2z. Proceeding by induction, assuming %G_IQ = pn(x)e_xz, then
dntl 2 d ) .2 2 .2
W@ = %( n(z)e ™ ) =pl(x)e™™ —2zp,(x)e™™ = (p%(a:) —2a:pn(a:))e =,

The derivative of a polynomial is a polynomial, hence we have p,11(z) = pl,(z) — 2zp,(x) is also a
polynomial which proves this small fact.
Thus,

[e.9]

1" (e ™) Halo

T=—00
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due to the fact that e=®* — 0 as 2 — %00 much, much faster than any polynomial tends to +oco as
r — Foo. It’s like Godzilla, e*xQ, versus an ant, the polynomial part. Godzilla wins.
So, we have

(1)”/R (j;e—m2> Hy(2)dx — (1)“+1/IR <dfjle—m2> H. (2)da.

We can repeat this using the same argument, until we run out of derivatives. We’ve got n derivatives,
so we repeat this argument n times, arriving at

(—1) /R (Cgle—ﬁ) Hyp(2)da = (—1)7+" /R o (j;Hm(m)> da.

Now, we just need to pause and think for a moment. H,, is a polynomial of degree m < n. If you
differentiate a polynomial of degree m more than m times, you end up with nothing! Zero! So, we

actually know that, because n > m,
d’n
Hence,

(—1)n/]R <j;e—w2) Hy(z)dz = (—1)”"'”/Re_$2 (j;Hm(m)> do = (—1)2"/}1{6—*0@ = 0.
Il

12.1. Red thread.

(1) Assume that
n>m > 0.

Write out the thing you want to show vanishes:

/R(—l)"er? (jg;e—x?) Hy()e " da — /R(_l)n (;Z;e—x?) H,,(e)da

= (—1)"/}R (CZ;e‘”2> Hy(z)dz.

(2) Do integration by parts

1 [ (e ) Hntwds = (1) (e ™) Hae)
o [ (2

dnfl 2
dwn—l

and the fact that e~ goes to zero faster as |z| — oo than any polynomial to conclude that
a1 _.2

1" (e ™) Hnle)

(4) Show inductively that you can do this n times to get

(—1)"/]R (C;‘Z;eﬁ) Hy(z)dx = (—1)"+"/Reﬂf2 (CZ;Hm(x)> dz.

(5) If one differentiates H,,, a polynomial of degree m < n, n times, the result is zero. So the
integral on the right is just zero.

(3) Use the fact that

= polynomial times e

[e.e]
=0.

T=—00
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13. THE GENERATING FUNCTION FOR THE HERMITE POLYNOMIALS
This is similar to the analogous result for the Bessel functions, but with a bit of a twist.

Theorem 13.1. For any x € R and z € C, the Hermite polynomials,

n_x2 dr —z2
Hyfw) = (-1 e,
satisfy

2

o0 zn
ZHn(x)— = 22,
n!

n=0

Proof. The key idea with which to begin is to consider instead

—(r—2)2 _r2 _.2
e(x z) — e 2wz

We consider the Taylor series expansion of this guy, with respect to z, viewing z as a parameter.
By definition, the Taylor series expansion for

6_($_Z)2 — Zanzn,
n>0
where .
a, = + 3 @22,
n! dzm
To compute these coefficients, we use the chain rule, introducing a new variable u = x — z. Then,

evaluated at z = 0.

d 7(172)2 _ d 2

—u

—e —e
dz du
and more generally, each time we differentiate, we get a —1 popping out, so
dTL 7(Ifz)2 n dn 711,2
—e =(-1)"—e",
dz" du™
Hence, evaluating with z = 0, we have
1(1)"dn —u? luated at
an = —(—1)"——e ™, evaluated at u = x.
" nl du™

The reason it’s evaluated at u = x is because in our original expression we’re expanding in a Taylor
series around z =0 and z =0 <= u = z since u = x — z. Now, of course, we have
d" 2 an 2

—e ", evaluated at u=o0=—¢€"

du™ dx™
Hence, we have the Taylor series expansion

n n
—(z—2)? _ —ax?42r2—22 _ i 1\ d —x?
e =e = E (—1) e

Now, we multiply both sides by e to obtain
62:pz—22 — er Z Zn(_l)n d" e—xQ'

n! dx™
n>0

We can bring e® inside because everything converges beautifully. Then, we have

n n

2 AL d* _ 2

e?xz z :§ Al (_1)n e %
dx™

Voila! The definition of the Hermite polynomials is staring us straight in the face! Hence, we have

computed
2rz—22 z"
e => — Ha(z).
n>0
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13.1. Red thread.
(1) Start with

z—2)2 —22 422222

e_( =e .

(2) Compute the Taylor series expansion of this guy, with respect to z, viewing x as a parameter.

By definition, it is
e~ (@=2)% — Z anz",

n>0
where 1 &
In = - *(I*Z)z, evaluated at z = 0.
nldz
(3) Compute the coefficients using the chain rule with the variable u = z — z, so
ar 2 ar 2
el C ) R Y e
(4) Evaluate at 2 =0 = u=a:
1 ar ar
ap = m(—l)"du—ne_“z, evaluated at u = x = d%—ne_m2

(5) Pop it back into the Taylor series expansion:

—(z—2)% _  —x?42x2—2% _ ﬁ o nﬁ —x?
e =e = Z (—1) pr
n>0
(6) Multiply both sides by *":
Swr—n? 2 " d* .2
plrzi—z _ ot 7(_1)71%6 s

(7) Bring e*” inside the sum on the right (convergence is beautiful here).

2ez—22 _ 2 a2 n d" —z?
(& = Z —€ (—1) dxine .

(8) Recognize your friends, the Hermite polynomials sitting inside the right side!
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